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Outline
Nuclear Astrophysics: Origin of the heavy elements

Stellar Archaeology: Clues to the astrophysical site 
of r-process nucleosynthesis

Dwarf Galaxy Archaeology: Ancient, clean 
chemical enrichment signatures 

Results: Evidence for a rare and prolific r-process 
event in the early universe



Element Formation 
(Depends on stellar mass and stellar evolutionary state)

Fusion up to iron Neutron-capture processes  
above ironduring stellar evolution

during advanced stellar evolution               
and elsewhere(!)

Element nucleosynthesis in stars



Sneden et al. 2008

Z 
(number 

of 
protons)

N (number of neutrons)

s-process: evolved AGB stars
r-process: site undetermined!          

Neutron-capture nucleosynthesis
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r-process pattern
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Neutron-capture elements



Element nucleosynthesis

α-rich freezeout, νp-proc., weak s-proc.
s-process
Weak r-proc., light n-cap. primary proc.

Odd-Z elements  
α-elements
Iron group elements

The (detailed) astronomer’s periodic table
Big Bang nucleosynthesis
Spallation
Evolved giant stars

             
r-process     
Long-lived radioactive (also r-process)



Element nucleosynthesis

α-rich freezeout, νp-proc., weak s-proc.
s-process
Weak r-proc., light n-cap. primary proc.

Odd-Z elements  
α-elements
Iron group elements

The (detailed) astronomer’s periodic table
Big Bang nucleosynthesis
Spallation
Evolved giant stars

Isotope distribution of Sun

             
r-process     
Long-lived radioactive (also r-process)



We have since discovered  
old stars with  

r-process enhancement! 
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A long time ago...

Today

Cosmic time (not to scale)

Big Bang

Larson & Bromm 2001

First galaxies
We want to 

find those stars from 
the 2nd or later 
generations of 

stars!

First stars
(100 M)

2nd and later generations 
of stars (<1 M)

Today’s galaxies
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     We are made of stardust! 
⇒ Old stars contain fewer elements 
    (e.g. iron) than younger stars

We look for the stars
with the least amounts
 of elements heavier 

than H and He!

Astronomer’s 
Periodic Table

Metals Z



Extremely Metal-poor Stars 
Facts and Definitions

• Fe traces the overall stellar metal content 

• Fe is easy to measure 

• [Fe/H] = log10(NFe/NH) - log10(NFe/NH)sun 

• Lower [Fe/H] —> Older Star 

• [Fe/H] <= -3 —> ~1 progenitor supernova 
produced that iron



The Milky Way

dwarf 
galaxies

Halo

Bulge
Disk

Metal-poor
halo stars

✷
✷ ✷

✷ ✷
✷

✷✷

✷✷

How common are  
r-process metal-
poor stars?

  ~3-5% of metal-poor 
stars w/ [Fe/H]<− 2.5 
(Barklem et al. 2005)

   => Only ~30 stars 
known so far w/         
[Eu/Fe] > 1.0, i.e. 
clear    r-process 
pattern above Ba

   => More stars known 
with lower levels of    
0.3< [Eu/Fe] < 1.0; 
unclear what lowest 
level is

=> Origin of these stars unknown
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Universal r-process pattern
• r-process 

abundance 
pattern the 
same in the 
Sun and metal-
poor stars 

• r-process stars 
all extremely 
metal poor 
([Fe/H] ~ -3)

pattern

Sneden et al. 2008



 The Big Question
★ What is the (dominant) astrophysical site of the 
r-process?

★ What is the rate and yield of the event?

★ Does the dominant site change?

➡ Core-collapse supernovae
➡ Neutron star mergers
➡ Others (e.g., magnetars)

➡



Clues to the r-process site
• Stellar Archaeology: using metal-poor stars to 

probe the chemical content of the early universe

Metals

Star forming 
gas cloud

Low-mass 
stars found in our  

Galaxy today!

Observe chemical 
abundances of 

these -> chemical 
content of old gas 

clouds!

Early 
Stars

12-13 billion years

Stellar Archaeology:    
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[Fe/H] <= -3  => Only ~1 progenitor 
supernova produced that iron



Core-collapse supernova
• Neutrino wind turns protons to neutrons 

Woosley and Janka 2005

10-5 Msun of wind 
~10-20% r-process 
(~10-7.5 Msun of Eu) 

r-process?
Proto-
Neutron
Star

neutrinos

neutrinos

Yield:

10-5 Msun of wind material

10-6 Msun of r-process 
material

=> 110-7.5 Msun of Eu

Text
SN are common; produce light elements with Z<30; 
Responsible for those elements when observed in metal-poor stars 



How it works: 
✓Fast enrichment; small & steady r-process yields
✓Metal-poor stars only need one/few progenitors 

BUT... Theoretical difficulties for r-process nucleosynthesis (e.g. 
Arcones et al.)

Big      First/early stars                                        
Bang     explode

Metal-poor stars form                            ...are found 
from enriched gas...             in the Milky Way today 

~13 Gyr
of galaxy 
assembly

Supernova enrichment



Neutron star binary merger
• Tidally unbind neutron stars

Image Credit: Daniel Price (U/Exeter) and Stephan Rosswog (Int. U/Bremen)

10-3-10-2 Msun of  
r-process ejected 
(~10-4.5 Msun of Eu) 

Rare: one binary 
per ~1000-2000  

supernovae 

Text

Rare            Long(er) enrichment timescale

Yield:

10-3 -10-2 Msun of r-
process material

=> 10-4.5 Msun of Eu

One binary per 
~1000- 2000 
supernovae

Inspiral time of NSM takes time; >100 Myr

Delay time too 
long to occur 
before metal- 
poor stars ??



Indirect observation of  
r-process synthesis

• Short gamma ray burst <-> Neutron star merger 

• Afterglow from decay of radioactive r-process 
elements detected 
in 2013 

• Also see radioactive  
deep sea measurements 
Wallner et al. 2015 
Hotokezaka et al. 2015

Tanvir et al. 2013

Indirect observations of local          
r-process nucleosynthesis



Summary 
(based on previously existing data)

Now let’s zoom outLet’s consider something new...!



New Milky Way Satellites



Reticulum II

All stars Reticulum II Stars

Dark Energy Survey



Ultra-faint dwarf galaxies  
properties (UFDs)

Low luminosity (300 - 3,000 Lsun) 

Dark-matter-dominated (M/L > 100) 

Metal-poor (Mean [Fe/H] ~ -2)

Stars are old (Mean age 13.3 +/- 1 Gyr) 

Few generations of star formation Ultra-faint dwarfs Classical dSphs



Light elements
Ret II stars have similar abundances to UFD and halo stars

Core-collapse supernovae are primary metal source

Light elements
Ret II stars have similar abundances to UFD and halo stars

Core-collapse supernovae are primary metal source



Stars in first nine UFDs have low  
neutron-capture element abundances

first nine



UFD
star

r-process
star







All Ret II stars match r-process pattern



UFD neutron-capture abundances  
Before Reticulum II before



Ret II stars >100x higher neutron-capture 
element abundances than other UFDs



Ret II abundance consistent with  
neutron star merger

N
eu

tro
n 

st
ar

 
m

er
ge

r
Su

pe
rn

ov
a



Rare and prolific supernovae also allowed
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Jet supernovae from magnetorotational instability

e.g., Winteler et al. 2012

M
agnetar



  A typical core-collapse supernova could not be 
responsible for the Ret II r-process signature!

Reticulum II was enriched by a rare, prolific and 
possibly delayed r-process event

Can’t you increase the # of SNe?
➡ No, 1000+ SNe would disrupt the system
➡ Need to be one/few massive events

Aren’t NSM taking too long to enrich the galaxy?
➡After the few (initial) SNe it takes time for the system to 

reassemble again (~100 Myr)
➡Minimum time scales for coalesence is ~100 Myr 



Astrophysical environment 
of the r-processSupernova feedback delays star 

formation in early galaxies

10-6.5Msun halo (Bland-Hawthorn et al. 2015)

after SN re-accretion
denser regions 
begin to form

blow-out 
max

shells

rvir

rs



How Rare?                      How Prolific?

Population of 10 UFDs:

➡1 of 10 r-process events

➡Est. stellar mass of all UFDs:  
~2000 SNe expected 

➡Consistent w/ expected NSM 
rate of 1 per 1000-2000 SNe

Estimate gas mass of UFD:

Total gas in UFD galaxy
➡Max. dilution mass: ~107 Msun 

Gas swept up by a 1051erg 
energy injection into typical ISM
➡Min. dilution mass: ~105 Msun 

Dwarf galaxy archaeology
( = using an entire dwarf galaxy to study the early universe)

➡Use with yields to compare to observations
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Astrophysical environment 
of the r-process

Big      First stars                                        
Bang     explode

✷
✷ ✷

✷✷

✷
✷ ✷

✷✷

Stars form from                                     ...are found 
enriched gas                            in the Milky Way today 

Blown out gas    NSM        Stars form from       ...are found in              
reassembles     goes off    enriched gas      dwarf galaxies today 

~13 Gyr
of galaxy 
assembly

~13 Gyr
of galaxy 
assembly

delay of 100 Myr
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Astrophysical environment 
of the r-process

Big      First stars                                        
Bang     explode

✷
✷ ✷

✷✷

✷
✷ ✷

✷✷

Stars form from                                     ...are found 
enriched gas                            in the Milky Way today 

Blown out gas    NSM        Stars form from       ...are found in              
reassembles     goes off    enriched gas      dwarf galaxies today 

~13 Gyr
of galaxy 
assembly

~13 Gyr
of galaxy 
assembly

Can only explain light element and 
“general” neutron-capture element 

abundances found in the early galaxy; 
not the strongly enhanced (main) r-

process stars

delay of 100 Myr



 Answers to 
the Big Question

★ What is the (dominant) astrophysical site of the 
r-process?

★ What is the rate and yield of the event?

★ Does the dominant site change?

➡ Core-collapse supernovae
➡ Neutron star mergers
➡ Others (e.g., magnetars)

➡

➡Rare and prolific site     
➡Consistent w/ Ret II abundances

➡Remain possible

➡ ~1 event per 2000 SN; ~10-2.5 Msun of r-process
➡Probably not!



Another puzzle:
Chemical Enrichment in Ret II

➡ Sequential bursts of star formation? 

➡ Inhomogeneous metal mixing? 

➡Accretion of other, smaller galaxy? 

Need to explain: 7 r-process-rich, 2 n-capture poor stars



The future is here
The first glimpse of the incredible potential of UFDs for 

early universe studies
Near-field cosmology meets nuclear astrophysics

  Clean nucleosynthesis event(s) w/ actual information on 
the site and environment 
➡  Unprecedented astrophysics constraints for nuclear 
physics, early chemical evolution, first galaxy formation, 
metal mixing processes, etc. 

Characterize the formation history of Ret II
➡  Need better abundances of (more) stars in Ret II  
➡ Narrow down the identity of the rare and prolific r-
process event (w/ better data and better predictions)



Looking ahead

”See the forest for the trees”
Re-interpreting population of r-process halo stars in the 
context of a dwarf galaxy environment 

➡Where did these halo stars originate? 
➡Do they uniquely trace a 1/10 UFD population? 
➡Can we use them to trace the early assembly of the Milky 
Way/the low-metallicity tail of the MW MDF?


